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Abstract
We show the design and implementation of an inexpensive spectrophotometer. This
spectral measuring device was implemented using a widely available webcam, a diffraction
grating reclaimed from a compact disc and the ubiquitous microcontroller platform Raspberry Pi.
Spectral measurement is essential for many applications. One timely application is the detection
of fluorescent signals generated after polymerase chain reaction (PCR) amplification of
deoxyribonucleic acid (DNA). This method allows the diagnosis of patients who may have been
in contact with viruses such as the Coronavirus Disease 2019 (COVID-19). In this work, we
present the theory behind a spectrophotometer, and the individual components needed. Following
the theory, we record our implementation plan, including parts specifics and how they fit into the
theoretical needs of the project. This plan includes the particular light emitting diode (LED)
chosen, the particular specifications of the diffraction grating, the model of the Raspberry Pi, and
the software used on that microcontroller. Following the implementation plan, we outline the
complications and results generated while implementing the plan. This outline includes software
revisions and malfunctions, hardware issues, and calibration complications. The results reported
here allow for further research and development of this system, using these results as a starting
point for a much larger project. Further, other diseases could be diagnosed using this device in
conjunction with a personal PCR device, such as the one developed by our design group. Other
applications include accelerated forensics in police work, and soil analysis on the field for
agriculture.
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Introduction
Diseases are tiny. In most cases, they are sub-microscopic and nearly impossible to
observe without the most sophisticated equipment. Yet, they can cause devastation on a global
scale. In order for scientists to study and identify people who contract diseases, they must be able
to easily identify when a person has the disease. Since symptoms are notoriously inconsistent
when used to diagnose diseases, other methods were developed. One such method was tagging
the specific sequences of DNA which characterize a known strand of hostile DNA. This tag, if
fluorescent, can be quickly identified, thus “seeing” the disease without using a microscope or
having to run lengthy bloodwork analysis.
Fluorescence is the process by which atoms produce photons due to some external or
internal excitation. This movement can emit a photon. Luminescence can occur through many
means of excitation. Electrical, chemical, and photoluminescence are all examples of
fluorescence. When it comes to a chemical tag used to identify disease, the most common
method of fluorescence is photoluminescence, by which external photons transfer energy to the
molecule’s electrons to stimulate photon emission [1].
Such photoluminescence requires one specific wavelength of light for stimulation, and
generates a new, unique wavelength of light as emission. These wavelengths are dependent on
the chemical which is fluorescing. Many different categories of substances can behave as
fluorescent molecules, such as amino acids, chlorophylls, organic dyes, and much more. This
process of photoluminescence is how plants naturally produce energy, and has been engineered
for specific uses in modern medicine and many other fields. In order to use spectroscopy for
disease testing, it requires a light source, and a light detector [1].
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Theory
One configuration of a spectrophotometer consists of a chemical sample being
illuminated by a laser, then the emitted light from that sample passes through a slit, a diffraction
grating, and is then observed by a sensor or camera.

Spectroscopy
In order to understand a spectrophotometer, one must first understand spectroscopy as a
whole. As defined by Britannica [2], spectroscopy is the “study of the absorption and emission of
light and other radiation by matter, as related to the dependence of these processes on the
wavelength of the radiation.” Matter is made up of atoms, and atoms have electrons. When these
electrons interact with the outside world, through chemical processes, thermoelectric effects, or
photons, they can absorb or emit photons in a predictable fashion. [3] This means that matter can
be studied, at an atomic level, by the way it interacts with light. These interactions can be easily
noticeable, like the light generated by the exothermic reaction of burning hydrocarbons in a
common fireplace. Or they can be entirely subtle and outside the visible spectrum, such as the
material properties used to create x-ray imaging of skeletal features.
Specifically, when it comes to spectrophotometry, it is the study of light emitted through
photo-luminescence. These emissions will often be within 100nm of the excitation wavelength
used, meaning the detection equipment used must be very precise. The chemical flag being used
for these experiments has an excitation wavelength of 470nm and an emission wavelength of
520nm.

Laser/LED
The laser used to stimulate emission in the sample should ideally be single wavelength
and practically is narrow wavelength band. This allows for a small, known wavelength of light to
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stimulate the sample, so that it can be filtered out later by the sensor. The laser also ensures that
the correct excitation wavelength is given to the sample so that fluorescence can occur. As seen
in (Debarshi 2019), an LED can be used for excitation, just as well as a laser, so long as it has a
narrow enough wavelength to not cover the emission, and provides a correct peak wavelength to
excite the sample.

Slit
The slit limits the amount of power which is passed to the diffraction grating. This affects
the time to get a sample reading, with more power being faster to detect. The dimensions of the
slit are also directly related to the resolution of the light once it is spread by the diffraction
grating. A narrow slit creates narrow vertical bands which are easy to detect and distinguish
between. Most common slits vary from 5 micrometers to 800 micrometers. This provides enough
resolution to create decent wavelength curves from the recorded data [5].

Figure 1: Intensity of light relative to sine(theta)
Due to the nature of light diffraction, a slit also causes interference with itself, creating a
focused beam of light at an angle near the original direction of travel, while canceling out the
wavelength at other angles. This phenomenon is known as destructive interference and follows
the relationship in the following equation.
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𝐷𝑠𝑖𝑛(θ) = 𝑚λ
D is the slit width, λ is the light’s wavelength, θ is the angle relative to the original direction of
travel, and m is the order of the minimum, which takes integer values 1, -1, 2, -2, …
Figure 1 shows a graph of intensity for single slit interference, further underlining the focus of
the beam caused by single slit diffraction [6].

Diffraction Grating
A diffraction grating, like a prism, spreads light into its component wavelengths. It is
made up of a set of lenses or mirrors which create a periodic variation in the optical properties of
the material. The wave enters at one angle and then the exit angle is a function of wavelength.
This creates the rainbow effect that can be observed in many natural instances as well as
manufactured. Most diffraction gratings are defined based on the groove density, which is in
units of grooves(or lines)/mm. With a standard mirror, incident angle equals diffraction angle.
However, in a diffraction grating, the incident angle a and the diffracted angle B follow the
following equation relative to the m integer order of the system.
𝑠𝑖𝑛(α) + 𝑠𝑖𝑛(β) = 𝑚λ𝐷10
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In this equation wavelength λ is in nanometers and groove density D is in grooves/mm. This
equation reveals that, as wavelength changes, exit angle changes, thus creating the rainbow effect
needed to analyse the spectra of a lightsource. The resolution of a diffraction grating can be
found by taking the derivative of diffraction angle β with respect to wavelength λ. Higher
diffraction orders and more grooves create higher resolution but are also less efficient [7].
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Implementation
An LED light source was used to excite the sample, then pass light through a diffraction
grating. Then a picture was taken by the camera and the Raspberry Pi would process that picture
to analyze the observed spectrum.

LED
The LED chosen for this project was a blue starboard LED manufactured by New Energy,
seen in Figure 2. This particular LED was chosen because it was readily available, having been
given to the group by the Biology Department at the initial briefing. According to the product
specifications provided by DigiKey [8], this LED produces light at a wavelength of 475nm
(465nm~485nm). As previously stated, the sample needs 470nm light to stimulate emission,
making this LED ideal. If this device needed to stimulate other chemicals with different
excitation wavelengths, then other LEDs would be required, or a lightsource with a broad
spectrum and a color selection prism/filter could be used.

Figure 2: New Energy Starboard Blue LED [8]
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Diffraction Grating
For a diffraction grating a CD was broken and removed of foil to create a diffraction filter
to be placed over the lens. The implementation of this is seen in Figure 3. The CD diffraction
grating was chosen with similar reasoning to the LED: availability. Since the majority of focus
and funding was put towards thermocycling, the spectrophotometer needed to be inexpensive,
yet effective. A broken CD met both of those parameters, having zero cost while producing the
needed result, which was spreading the light into its respective wavelengths. The diffraction
grating on a CD is 625 lines/mm. As described previously, the higher the diffraction grating, the
higher the resolution of the final product. With a 50nm gap between excitation and emission
wavelengths, 625 lines/mm provides ample resolution.

Figure 3: USB camera with 625lines/mm diffraction grating

Camera
The camera used was a Wansview USB 2.0 Desktop Laptop Computer Web Camera as
seen in Figure 4. This camera was relatively cheap, while still being able to capture a wide range
of wavelengths. Out of the box, the camera could perceive the entire visible spectrum. However,
by removing the IR filter, it could be used to detect infrared wavelengths as well. This wasn’t
used in this project’s scope, since the wavelengths being detected are within the visible spectrum.
In future development, IR detection could prove useful.
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Figure 4: Wansview USB 2.0 Desktop Laptop Computer Web Camera

Raspberry Pi
The Raspberry Pi used in this project was a Raspberry Pi model 3 B+. The model 4 is the
most current iteration of the Raspberry Pi on the market today, so the 3 was available for $60 less
than the 4. Even so, it was more than capable of running a webcam for imaging and performing
image processing on the gathered data. Figure 5 shows a test setup of the Raspberry Pi, with
connections to a mouse and keyboard, monitor, USB camera, and the I/O devices used for
interfacing with the user.

Figure 5: Lab setup of Raspberry Pi 3 B+
On the software side of the raspberry pi, the first main component was a library called
open CV. This is an extensive library which can be installed by the instructions at [10]. Open CV
covers a wide variety of topics around computer vision, but the main purpose it was used for was
accessing and imaging the USB camera through Python. This allowed pictures to be taken on
command, defining components such as shutter speed, aperture size, etc. Once a photo was
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captured, it was run through a program inspired by the project found in [11]. This software was
expecting an image with the spectrum laid out horizontally in frame. It would take that image,
find the brightest spot and section off the image to only consider an area that was within a
threshold of the brightest point. From there, based on a scaling factor for the diffraction grating
used, it would analyse the spacing and brightness of the lines seen to create a waveform of
detected wavelengths. The pertinent functions can be found in Appendix A.

Figure 6: Schematic overview of system
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Process & Future Work
As the plan was implemented, a number of complications and learning opportunities were
encountered. Chief among these were difficulties calibrating the software, issues installing the
software, and a lack of stable housing.

Calibration
In order for the software to detect accurate wavelengths, it needed to be calibrated to the
given diffraction grating and slit setup. When attempting to calibrate the software, a suitable light
source with a known peak was needed and proved difficult to find. Initially, a red laser
thermometer was used, but the spike was inconsistent and produced a large amount of infrared
noise. Also, because it was a laser, only detected the light source 10-15% of the runs, as slight
variations of placement made drastic results changes. Documentation of these events was
unfortunately overwritten by the software. After the laser attempts failed other avenues of
calibration were explored. The next light source tried was a mercury vapor bulb. This bulb had a
known wavelength profile that would’ve made calibration fairly straightforward in theory. In
practice, the bulb wasn’t readily compatible with standard sockets. None of the bulbs tested
worked, with the main theory for the repeated failure being too much current given to the bulb
too quickly. The next bulb chosen to calibrate off of was a halogen work lamp. Unfortunately, by
the time the lamp was acquired, the deadline was over and so the software never got calibrated.

Software
The software needed to create a list of intensity values for a range of wavelengths with a
precision of 1nm. Finding and implementing the right software for the chosen Raspberry Pi was
a challenge. The first iteration attempted to use a software package called Theremino, which
claimed to have installation support for Raspberry Pi. After weeks of trying different methods for
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installing this software,the source proved to be too out of date and hadn’t been updated in the last
5-10 years. The next iteration moved to the current software package used, sourced from [11].
This software proved effective, but was calibrated for 500 lines/mm. It had code commented out
for 1000 lines/mm calibration, but this project’s diffraction grating was 625 lines/mm, so further
research was required [13]. In the end, the idea behind the software was achieved, but without a
proper housing or a dependable lightsource, calibrated code was never tested.

Housing
The long term plan was to develop a 3D printed housing in which spectrum analysis
would take place. Before that could happen, a proof of concept was needed, so a cardboard box
spectrometer was constructed. The interior was painted black and sides sealed with multiple
layers of duct tape. The slit for diffraction at the light source was just two pieces of cardboard
placed a razer’s width apart and taped down. In short, it was a crude setup, but it provided a
proof of concept. Using this system, and the LED, the results seen in Figures 7 and 8 were
generated. The software read the bulb to be in the 430-460nm range, rather than the expected 475
nm. These results were incredibly tedious to create, because one team member had to hold the
camera in place at a very precise angle, while the other ran the software. It took approximately
20 attempts to get this close to correct results. So a housing was designed to be 3D printed. This
new housing would have a mount for the camera that could be incrementally adjusted, and had a
3D printed slit of 1mm thickness. Unfortunately, the housing didn’t arrive until the day after the
deadline. Using the printed housing, precise testing and calibration could be done.
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Figure 7: Captured image with measured results

Figure 8: Plotted measured results
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Results
Through this process, much has been learned. The limits of the Raspberry Pi operating
system were pushed, such as its ability to run prebuilt software executables.The project
successfully converted digital image data to wavelength values for measured spectra. The
journey light takes through a spectrophotometer was analyzed, as it passes through the sample, a
slit, a diffraction grating, and lands on a sensor. Inconsistent imaging data was gathered as
demonstrated in Figures 7 and 8. A housing unit was successfully created for a theoretical
spectrophotometer, but never successfully tested. Most results were theoretical, with the physical
implementation coming in too little, too late.
To continue development on this project, it is advised to start with mounting the system
into the 3D printed housing. Using video software to access the webcam, adjust the placement of
the camera and the rotation of the diffraction grating so that the spectrum lines for each
wavelength are vertical in frame and only one or two full spectra are visible. Once the camera is
placed, adjust the variable “wavelength_factor” in “spectrometer.py” (Appendix A) to match the
625 lines/mm diffraction grating. Using a light source with a known spectrum output, measure
the system to check calibration. Once calibration is complete, code can be written to detect
specific peaks, such as the desired 520nm emission wavelength. With these tools, a working
spectrophotometer should be produced.
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